The zoonotic transmission of hantaviruses from their rodent hosts to humans in North and South America is associated with a severe and frequently fatal respiratory disease, hantavirus pulmonary syndrome (HPS) 1,2 . No specific antiviral treatments for HPS are available, and no molecular determinants of in vivo susceptibility to hantavirus infection and HPS are known. Here we identify the human asthma-associated gene protocadherin-1 (PCDH1) [3] [4] [5] [6] as an essential determinant of entry and infection in pulmonary endothelial cells by two hantaviruses that cause HPS, Andes virus (ANDV) and Sin Nombre virus (SNV). In vitro, we show that the surface glycoproteins of ANDV and SNV directly recognize the outermost extracellular repeat domain of PCDH1-a member of the cadherin superfamily 7, 8 -to exploit PCDH1 for entry. In vivo, genetic ablation of PCDH1 renders Syrian golden hamsters highly resistant to a usually lethal ANDV challenge. Targeting PCDH1 could provide strategies to reduce infection and disease caused by New World hantaviruses.
The zoonotic transmission of hantaviruses from their rodent hosts to humans in North and South America is associated with a severe and frequently fatal respiratory disease, hantavirus pulmonary syndrome (HPS) 1, 2 . No specific antiviral treatments for HPS are available, and no molecular determinants of in vivo susceptibility to hantavirus infection and HPS are known. Here we identify the human asthma-associated gene protocadherin-1 (PCDH1) [3] [4] [5] [6] as an essential determinant of entry and infection in pulmonary endothelial cells by two hantaviruses that cause HPS, Andes virus (ANDV) and Sin Nombre virus (SNV). In vitro, we show that the surface glycoproteins of ANDV and SNV directly recognize the outermost extracellular repeat domain of PCDH1-a member of the cadherin superfamily 7, 8 -to exploit PCDH1 for entry. In vivo, genetic ablation of PCDH1 renders Syrian golden hamsters highly resistant to a usually lethal ANDV challenge. Targeting PCDH1 could provide strategies to reduce infection and disease caused by New World hantaviruses.
Hantaviruses systemically infect and replicate in endothelial cells, and the nonlytic dysregulation of these cells is thought to underlie the changes in vascular permeability that are a hallmark of the viral disease in humans 2, 9 . α v β 3 integrins have been identified as in vitro determinants of hantavirus infection 10 , and viral subversion of β 3 -integrin signalling in endothelial cells has been proposed to compromise vascular integrity 9, 10 . Gene-complementation experiments have yielded other receptor candidates, including β2 integrin 11 and numerous components of the complement system 12, 13 . However, the roles of these host factors in animal models of HPS or in humans remain undefined. Therefore, the identities of host molecules that mediate hantavirus infection in vivo and influence pathogenesis so far remain unknown. (-cDNA) or expressing (+cDNA) WT human PCDH1 cDNA were exposed to rVSVs expressing hantavirus glycoproteins (rVSV-GPs) (a) or to hantaviruses (HVs) (b). a, Infected cells positive for enhanced green fluorescent protein (eGFP; pseudocoloured green) were detected by fluorescence microscopy. Representative images are shown. Scale bar, 100 µm. b, Hantavirusinfected cells were detected and enumerated by immunofluorescence microscopy. Averages ± s.d. from three experiments are shown in b; n = 6 (ANDV); n = 5 (SNV); WT versus PCDH1-KO cells, two-way ANOVA with Tukey's test, ***P < 0.001 (n indicates the number of biologically independent samples). c, Expression of PCDH1 in HUVECs and HPMECs was detected by immunostaining with PCDH1-specific monoclonal antibody (mAb) 3305 or negative control antibody (see Extended Data Fig. 4d ) and visualized by immunofluorescence microscopy. Scale bar, 20 µm. Experiments were performed three times with similar results. d, HPMECs transduced to co-express the endonuclease Cas9 and control or single-guide RNAs (sgRNAs) targeting PCDH1 were exposed to rVSVs. The results are averages ± s.d. from five experiments; n = 16 for ANDV; n = 18 for SNV; n = 14 for HTNV. PCDH1 sgRNA versus control sgRNA, two-way ANOVA with Sidak's test; NS, P > 0.05; ****P < 0.0001. 
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To systematically uncover host factors for hantavirus entry, we 14 and others 15 previously used a recombinant vesicular stomatitis virus bearing the ANDV Gn/Gc glycoproteins (rVSV-ANDV Gn/Gc) to perform a loss-of-function genetic screen in HAP1 haploid human cells (Extended Data Fig. 1a ). These screens identified several genes involved in the sterol regulatory element binding protein (SREBP) pathway as determinants of viral entry in endothelial cells and showed that membrane cholesterol has a key role in hantavirus membrane fusion 14, 16 . To extract hantavirus-receptor candidates from our dataset, we filtered our hits for genes that encode known plasma-membrane proteins 17 , and found a single gene, PCDH1-which encodes a cadherin-superfamily protein 7, 8 , protocadherin-1-with proposed roles in human airway function and disease [3] [4] [5] [6] (Extended Data Fig. 1a and
Supplementary Table 1) . PCDH1 was not a hit in any other published haploid screens for pathogen host factors 18, 19 , suggesting that it has a specific role in hantavirus entry. To evaluate this hypothesis, we used CRISPR-Cas9 genome engineering to generate cell clones deficient for PCDH1 in two human cell lines-HAP1 haploid cells (Fig. 1a, b and Extended Data Fig. 1b, c) and U2OS osteosarcoma cells (Fig. 2b and Extended Data Fig. 1d-f) . PCDH1-knockout cells were poorly susceptible to infection by rVSVs bearing Gn/Gc glycoproteins from ANDV, SNV, Maporal virus (MPRLV) and Prospect Hill virus (PHV), all of which belong to the New World hantavirus clade. However, PCDH1-knockout cells remained susceptible to rVSVs bearing the VSV glycoprotein G or Gn/Gc from Hantaan virus (HTNV) and Seoul virus (SEOV)-hantaviruses in the Old World hantavirus clade that are not Left, averages ± s.e.m.: five experiments, n = 25 for ANDV and HTNV; five experiments, n = 15 for SNV except full-length PCDH1 (four experiments, n = 12)); four experiments, n = 24 for MPRLV and SEOV; three experiments, n = 10 for PHV. Right, averages ± s.d.: three experiments, n = 5 for ANDV and SNV, except SNV ∆EC1 and ∆EC2 (two experiments, n = 3)); two experiments, n = 4 for HTNV. c, Capacity of sEC1-2 (0-2.2 µM) to block authentic hantavirus infection. Viruses were preincubated with sEC1-2, and then allowed to infect WT U2OS cells. Averages ± s.d.: two experiments, n = 4 or 5 for ANDV; two experiments, n = 4 for HTNV. Untreated versus sEC1-2-treated, two-way ANOVA with Dunnett's test; NS, P > 0.05; ****P < 0.0001. d, e, Capacity of soluble, truncated PCDH1 (sEC1-2, 0-5 µM) to block viral entry. rVSVs were preincubated with sEC1-2, and then allowed to infect HPMECs (d) and HUVECs (e). d, Averages ± s.d.: three experiments, n = 8 for ANDV and HTNV; n = 6 for SNV; n = 4 for MPRLV. e, Averages ± s.e.m.: six experiments, n = 15 or 16 for ANDV and HTNV; three experiments, n = 5 or 6 for SNV; four experiments, n = 8 for PHV. f, Capacity of PCDH1 EC1-specific mAb 3305 to block viral entry. HUVECs were preincubated with mAb 3305 (0-680 nM), and then exposed to rVSVs. Averages ± s.d.: three experiments, n = 4 for ANDV, SNV and HTNV); four experiments, n = 9 for PHV. Untreated versus antibody-treated by two-way ANOVA with Dunnett's test: NS, P > 0.05; ****P < 0.0001. Infections with authentic hantaviruses corroborated and extended our observations: ANDV and SNV required PCDH1 for infection, whereas HTNV did not (Figs. 1b, 2b) . Thus, PCDH1 mediates Gn/Gc-dependent cell entry and infection by four New World hantaviruses-including two that are associated with HPS (ANDV and SNV)-but not by two Old World hantaviruses that are associated with haemorrhagic fever with renal syndrome. Endothelial cells, including those of the lung microvasculature, are major targets of hantavirus infection in vivo 2, 20 . Consistent with this, previous work showed that PCDH1 is expressed in human airway epithelial and endothelial cells 3, 6 . Here we found abundant cell-surface expression of PCDH1 in both human primary umbilical vein endothelial cells (HUVECs) and human primary pulmonary microvascular endothelial cells (HPMECs) (Fig. 1c) . Further, depletion of PCDH1 in HPMECs by CRISPR-Cas9 engineering selectively reduced infection by rVSVs that bear ANDV and SNV Gn/Gc glycoproteins (Fig. 1d) , which suggests that PCDH1 has a critical role in ANDV and SNV Gn/Gc-dependent viral entry into primary endothelial cells.
PCDH1 is a type I membrane protein with seven extracellular cadherin-repeat (EC) domains and a protocadherin-specific cytoplasmic domain 7, 8, 21 (Fig. 2a) . To identify PCDH1 sequences that are required for hantavirus entry, we generated constructs that lack (Δ) the first or second EC domains (EC1 (human PCDH1 amino-acid residues 61-172) and EC2 (residues 173-284)) and tested their ability to complement U2OS PCDH1-knockout cells (Fig. 2) . Although both proteins were expressed and localized to the plasma membrane (Extended Data Fig. 2 ), only PCDH1-∆EC1 failed to restore infection (Fig. 2b) , suggesting a role for EC1 in hantavirus entry. Reasoning that EC1 may interact with hantavirus Gn/Gc, we next expressed and purified recombinant, soluble forms of EC1-EC2 (sEC1-2) and EC1 (sEC1) (Extended Data Fig. 3a-c) and evaluated their effects on viral infection. Preincubation with sEC1-2 or sEC1 selectively inhibited entry and infection by New World hantaviruses (Fig. 2c-e and Extended Data Fig. 3d ).
To directly target PCDH1 EC1, we developed and characterized a panel of monoclonal antibodies against purified PCDH1 EC domains (Extended Data Fig. 4a-c ) and confirmed that they could decorate cell surfaces in a PCDH1-EC1-specific manner (Extended Data  Fig. 4d ). Preincubation of HUVECs (Fig. 2f) and HPMECs (Extended Data Fig. 5 ) with EC1-specific antibody 3305 specifically inhibited three experiments, n = 6. c, The capacity of Gn/Gc-reactive convalescent sera from two Chilean survivors of HPS to block binding between sEC1-2 and rVSV-Gn/Gc was measured by ELISA as in a. Biotinylated rVSV-ANDV Gn/Gc was incubated with serial dilutions of antisera and then added to sEC1-2-coated plates. Averages ± s.d.: three experiments, n = 6. d, The capacity of sEC1-2 to capture purified, Strep-tagged MPRLV or PUUV VLPs (0-170 µg ml −1 ) was measured by ELISA. Averages ± s.d.: three experiments, n = 7 for PUUV, n = 7 or 9 for MPRLV. e, Sensorgrams of sEC1-2 binding to MPRLV VLPs by biolayer interferometry. Experimental curves (coloured traces) were fit using a 1/1 binding model (black traces) to derive equilibrium dissociation constant (K d ) values. f, Response curve for steady-state analysis. Coloured dots correspond to the coloured curves in e. Results from two independent experiments are shown in e and f. g, Capacity of sEC1-2 to block viral attachment to cells. rVSVs bearing ANDV or HTNV Gn/Gc and labelled with functionalcomponent spacer diacyl lipid (FSL)-fluorescein were preincubated with sEC1-2 (0-1.6 µM), and then exposed to HUVECs at 4 °C for 1 hour. Cells with bound viral particles were enumerated by flow cytometry. Averages ± s.d.: four experiments, n = 4. Untreated versus sEC1-2-treated, two-way ANOVA with Dunnett's test; NS, P > 0.05; **P < 0.01; ***P < 0.001. h, Capacity of mAb 3305 to block viral attachment to cells. HUVECs were preincubated with mAb 3305 (0-68 nM) at 4 °C, and then exposed to DiD lipophilic-dye-labelled rVSVs bearing ANDV or HTNV Gn/Gc at 4 °C. We obtained 6-12 images per coverslip; virus-bound cells were analysed with Volocity software. Averages ± s.d.: three experiments, n = 12. Untreated versus antibody-treated, two-way ANOVA with Dunnett's test; NS, P > 0.05; ****P < 0.0001. 
Gn/Gc-dependent entry by New World viruses. Taken together, these findings suggest that an interaction between viral Gn/Gc glycoproteins and the first extracellular cadherin-repeat domain of PCDH1, EC1, drives entry by four New World hantaviruses.
We used four distinct approaches to evaluate the hypothesis that New World hantavirus Gn/Gc glycoproteins directly recognize and engage PCDH1 EC1. First, we infected cells with rVSVs bearing ANDV and HTNV Gn/Gc and incubated the resulting Gn/Gc-displaying cells with sEC1-2 (Extended Data Figs. 6, 7a, b). Only ANDV Gn/Gc-expressing cells could be decorated with sEC1-2, and sEC1-2 capture was sensitive to the EC1-specific antibody 3305 (Extended Data Fig. 7c ). Second, we incubated sEC1-2 immobilized on ELISA plates with pre-titrated amounts of viral particles bearing Gn/Gc. sEC1-2 could selectively capture ANDV and SNV rVSV Gn/Gc from solution ( Fig. 3a) , in a manner that was sensitive to both antibody 3305 ( Fig. 3b ) and convalescent sera from two Chilean survivors of HPS 22 ( Fig. 3c) , providing evidence that the interaction is specific to both PCDH1 and Gn/Gc. Third, we incubated biotinylated rVSV Gn/Gc particles with purified sEC1-2 and recovered the particles with streptavidin beads. rVSV-ANDV Gn/Gc co-precipitated substantially higher levels of sEC1-2 compared with the negative control (beads alone), whereas rVSV-HTNV Gn/Gc did not (Extended Data Fig. 7d ). Fourth, purified, recombinant virus-like particles (VLPs) 23 constituted with Gn/Gc from MPRLV (Extended Data Fig. 8a , b)-but not the Old World hantavirus Puumala virus (PUUV)-could recognize sEC1-2 in the capture ELISA described above (Fig. 3d) , and MPRLV VLPs bound to sEC1-2 with an equilibrium dissociation constant (K d ) of around 7 nM, as determined by biolayer interferometry (BLI) (Fig. 3e , f and Extended Data Fig. 8c ). Finally, we assessed the capacity of the interaction-blocking reagents sEC1-2 and antibody 3305 to interfere with viral attachment to the cell surface (Fig. 3g, h ). Both sEC1-2 ( Fig. 3g ) and the antibody (Fig. 3h ) specifically blocked attachment of rVSV-ANDV Gn/Gc particles to HUVECs. Together, these findings provide evidence that New World hantavirus glycoproteins directly recognize the EC1 domain of PCDH1 with nanomolar affinity and exploit this interaction to mediate hantavirus attachment to the cell surface.
Finally, we sought to evaluate the importance of PCDH1 to hantavirus infection and disease pathogenesis in the Syrian golden hamster (Mesocricetus auratus)-the gold-standard rodent model for lethal HPS 24 . The human and Syrian hamster PCDH1 orthologues are highly conserved in amino-acid sequence (with more than 97% sequence identity in EC1), suggesting that interactions of PCDH1 with both hantavirus Gn/Gc and antibody 3305 are likely to be preserved in hamster cells. Indeed, sEC1-2 and sEC1-but not sEC2-selectively blocked rVSV-ANDV Gn/Gc infection of hamster primary lung endothelial cells, as did the EC1-specific monoclonal antibody, which confirms that Gn/Gc-PCDH1 recognition drives ANDV entry into endothelial cells from this species (Extended Data Fig. 9a, b) .
Next, we used CRISPR-Cas9 genome engineering to generate hamsters carrying a germline-transmitted, single-nucleotide deletion in PCDH1 (Extended Data Fig. 10a-c ). This frameshift mutation causes multiple premature stop codons in PCDH1 and its genetic inactivation (knockout), as confirmed by immunoblotting of isolated lung tissue from animals homozygous for the knockout allele (Extended Data Fig. 10d ). PCDH1-knockout hamsters were viable and fertile, and morphological and histopathological analysis revealed no lesions in the lungs (Fig. 4c , left) or in other sampled organs, suggesting that PCDH1 loss is not associated with tissue malformation or injury. We then subjected wild-type and PCDH1-knockout hamsters to intranasal challenge with ANDV ( Fig. 4a) . Wild-type hamsters largely succumbed to ANDV infection, as previously shown 25, 26 . By contrast, PCDH1-knockout hamsters largely survived ANDV challenge, indicating that the loss of PCDH1 is highly protective (Fig. 4a) . Measurement of viral titres in sera collected from challenged animals on day 14-near the onset of lethality-indicated reduced levels of viraemia in knockout animals (Extended Data Fig. 10e ). Histopathological analysis of lungs isolated from challenged wild-type animals ( Fig. 4b) revealed severe interstitial pneumonitis, perivascular inflammation associated with macrophage and neutrophil infiltration, oedema, haemorrhage, and fibrin deposition. By contrast, knockout animals had only mild inflammation with thickening of alveolar septae and occasional macrophage and neutrophil infiltration (Fig. 4b) . Furthermore, lung tissue collected from wild-type but not knockout animals at 18 days post-infection showed extensive staining for viral antigen in endothelial and alveolar septal cells (Fig. 4c) . Concordantly, we measured substantially higher levels of viral RNA in lung homogenates from wild-type animals relative to their knockout counterparts (Fig. 4c) . Blocking the hantavirus-PCDH1 interaction both in vitro and in vivo did not fully prevent viral attachment, infection and histopathology, which suggests the existence of PCDH1-independent entry pathways. Nevertheless, our findings establish a role for PCDH1 in ANDV infection in vivo and in the development of disease in the Syrian hamster model.
Herein we have used global gene disruption in human cells to discover a protein from the cadherin superfamily, PCDH1, as a critical host factor for cell entry and infection by multiple New World hantaviruses, including ANDV and SNV-the major aetiological agents of HPS in the Americas. Pharmacological disruption of the interaction between the viral glycoproteins and PCDH1 might afford the development of anti-HPS therapeutics. and knockout hamsters (two experiments, n = 21) were exposed to ANDV (target dose 2,000 plaque-forming units (PFU); actual dose 1,500 PFU) via the intranasal (i.n.) route, and mortality was monitored for 36 days. PCDH1-KO versus PCDH1-WT, two-sided Mantel-Cox test; ****P < 0.0001. b, c, Representative images of lung sections from control and ANDV-challenged Syrian hamsters were stained with haematoxylin and eosin (b) or with a mAb targeting the ANDV nucleoprotein (c). Insets in c show viral loads in lung tissue (in units of viral genome equivalents per µg of total RNA). Experiments were performed twice with similar results. Scale bar, 100 µm (b, c). WT versus KO (n = 3) at 18 days postinfection (dpi), two-way ANOVA with Dunnett's test; ***P < 0.001. 
MEthodS Cells. Human U2OS osteosarcoma cells, 293T human embryonic kidney fibroblast cells and Freestyle-293F suspension-adapted HEK-293 cells were obtained from ATCC. U2OS and 293T lines were cultured in modified McCoy's 5A medium and high-glucose Dulbecco's modified Eagle medium (DMEM), respectively (Thermo Fisher), supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 1% GlutaMAX (Thermo Fisher) and 1% penicillin-streptomycin (Thermo Fisher). HAP1 cells were cultured in Iscove's modified Dulbecco's medium (IMDM; Thermo Fisher), supplemented as above. HUVECs (Lonza) were cultured in endothelial growth medium (EGM) supplemented with EGMSingleQuots (Lonza). HPMECs (Promocell) were cultured in MV2 endothelial cell growth medium (Promocell). Syrian hamster primary lung microvascular endothelial cells (Cell Biologics) were cultured in complete endothelial cell medium (Cell Biologics). All cell lines were authenticated by their respective manufacturers or vendors, and no additional authentication was performed. Cell lines from ATCC were authenticated by human short-tandem-repeat analysis. All cell lines were routinely screened for mycoplasma contamination (once monthly) and found to be negative. Adherent cell lines were maintained in a humidified 37 °C, 5% CO 2 incubator. Shake flasks of 293F cells were cultured in Gibco FreeStyle 293 expression medium (Thermo Fisher) at 37 °C and 8% CO 2 . Generation of PCDH1-knockout cell lines. A CRISPR sgRNA was designed to target the PCDH1 gene (NCBI Gene identification number 5,097), nucleotides 9,776-9,798 (target sequence 5′-GTTTGAGCGGCCCTCCTATGAGG-3′, with the protospacer acceptor motif (PAM) sequence underlined), in exon 2 of the PCDH1 isoform 1 precursor messenger RNA (GenBank accession number NM_002587.). This sgRNA sequence was cloned into Addgene vector 41,824 (gRNA cloning vector; a gift from G. Church
27
) and used in conjunction with a Cas9-encoding plasmid (Addgene plasmid 41,815; a gift from G. Church 27 , Harvard Medical School and Massachusetts Institute of Technology) to generate HAP1 and U2OS PCDH1-KO single-cell clones, as described 14 . The PCDH1 genotypes of these cell lines were verified by Sanger sequencing of cloned polymerase chain reaction (PCR) amplicons flanking the sgRNA target sequence, as described 14 , except that the PCDH1-specific primers 5′-CCTTAGGGGTCACGGGAAAC-3′ and 5′-GACAACACACCCAACTTCGC-3′ were used for PCR amplification of genomic DNA. HAP1 and U2OS PCDH1-KO clones both contained a single nucleotide insertion (T) after PCDH1 nucleotide 9,792 (PCDH1 amino-acid residue Y285). The resulting frame-shifted transcript is predicted to encode a truncated 285-amino-acid polypeptide. CRISPR-Cas9 engineering of HPMECs. The human PCDH1-specific sgRNA sequence mentioned above was cloned into Addgene vector 52,961 (lentiCRISPR v2; a gift from F. Zhang 28 , Massachusetts Institute of Technology and Broad Institute) and was used to produce lentiviruses following triple transfection of Addgene vector 12,260 (psPAX2; a gift from D. Trono, École Polytechnique Fédérale de Lausanne) and a plasmid expressing VSV glycoprotein G in 293FT cells. The empty vector was used as a negative control. Lentiviral supernatants were filtered and applied to monolayers of HPMECs. At 5-7 days post-transduction, cells were exposed to rVSVs bearing hantavirus Gn/Gc, and infection was monitored by fluorescence microscopy. rVSVs and infections. rVSVs expressing eGFP and bearing Gn/Gc from ANDV 14 , SNV 14 , HTNV 14 , SEOV (GenBank accession number M34882.1) and PHV (GenBank accession number X55129.1) were engineered, rescued and propagated as described 14, 29 . Cells were exposed to rVSVs at a multiplicity of infection (MOI) of 0.02-0.2 infectious units (IU) per cell (see below for specific MOIs and times post-infection used in each experiment), and viral infectivity was measured by automated enumeration of eGFP-positive cells from captured images using a custom analysis pipeline in CellProfiler 30 or directly from multiwell plates using a CellInsight CX5 automated fluorescence microscope and onboard HCS Studio software (Thermo Fisher). Throughout this paper, MOIs for rVSVs are based on the calculations for the particular cell lines on which the experiments were performed.
For Figs For soluble PCDH1 and PCDH1-specific-antibody experiments, pretitrated amounts of rVSV particles (0.1-0.2 IU per cell; see above and the next section for specific MOIs for rVSVs and authentic hantaviruses, respectively) were incubated with increasing concentrations of test reagent at room temperature or 37 °C, respectively, for 1 h before addition to cell monolayers in 96-well plates. Viral infectivities were measured as above. Authentic hantaviruses and infections. ANDV strain Chile-9717869, SNV strain CC107 and HTNV strain 76-118 were propagated in Vero E6 cells as described [31] [32] [33] . Hantavirus infections were performed, and infected cells were immunostained for viral antigen, as described 14 . In brief, HAP1 and U2OS cells were exposed to virus at a MOI of 0.5-3 PFU per cell (ANDV and HTNV) or fluorescent focus-forming units (FFU) per cell (SNV) (see below for specific MOIs), and viral infectivity was determined by immunostaining of formalin-fixed cells at 72 h post-infection (see below for specific times) with rabbit polyclonal sera specific for ANDV, HTNV or SNV nucleoproteins (NR-9673, NR-9674 and NR-12152 (all from BEI Resources), respectively). Images were acquired at 20 fields per well with a ×20 objective on an Operetta high-content imaging device (PerkinElmer). Images were analysed with a customized scheme built from image-analysis functions present in Harmony software, and the percentage of infected cells was determined using the analysis functions. MOI values for authentic hantaviruses are based on the titres estimated from infections of Vero cell monolayers.
Infection MOIs, times post-infection at which viral infectivity was measured, and the percentage of infected cells that corresponds to 100% relative infectivity in each figure panel are as follows. Figure 2c , cells were exposed to authentic hantaviruses at a MOI of 1 PFU per cell; cells were scored for infection at 72 hpi; 100% relative infectivity corresponds to 10-20% infected cells. Truncated and soluble PCDH1 variants. A cDNA encoding human PCDH1 (isoform 1, GenBank accession number NM_002587) was synthesized in frame with Myc and Flag epitope tags at the carboxyl terminus (Epoch Biolabs) and cloned into the pBABE-puro retroviral vector 34 . PCDH1 constructs engineered to lack the first or second extracellular cadherin repeats (∆EC1, ∆61-172 amino-acid residues; ∆EC2, ∆173-284 residues) were also cloned into this vector. Constructs encoding soluble (secreted) PCDH1 variants (GenBank accession number NM_002587) were generated by cloning the following sequences into the pcDNA3.1 mammalian expression vector (Thermo Fisher): EC1 (residues 1-172), EC2 (residues 1-60, 172-284), and EC1-EC2 (residues 1-284), each in frame with a C-terminal GSG linker, followed by Myc, Flag and decahistidine tags (Extended Data Fig. 3a, b) , or with a GSG linker followed by a decahistidine tag alone (Extended Data Fig. 3c ). Each construct also retained the endogenous PCDH1 amino-terminal signal sequence (residues 1-60). Sequences of all the plasmids were verified by Sanger sequencing.
Stable cell populations expressing PCDH1 variants. HAP1 and U2OS
PCDH1-KO cells ectopically expressing the above PCDH1 variants were generated by transduction with pBABE-puro vectors. Retroviruses packaging the transgenes were produced by triple transfection in 293T cells 14 , and target cells were directly exposed to sterile-filtered (0.45 µm) retrovirus-laden supernatants in the presence of polybrene (6 µg ml
−1
). Transduced cell populations were selected with puromycin (2 µg ml −1 ), and transgene expression was confirmed by immunostaining. Detection and measurement of cell-surface PCDH1 expression. U2OS cells were seeded on six-well plates, chilled on ice and incubated for 1 h with PCDH1 EC7-specific monoclonal antibody 3677 or human IgG (negative control) diluted to 5 µg ml −1 in cold U2OS medium containing 1% HEPES. Cells were washed extensively with cold Hank's balanced salt solution (HBSS), scraped off the plate, fixed with 4% paraformaldehyde and stained with anti-human IgG1 conjugated to Alexa Fluor-488 for 1 h. Cells were washed with phosphate-buffered saline (PBS) and analysed by flow cytometry. Expression and purification of secreted PCDH1 variants. Secreted PCDH1 variants cloned into pcDNA3.1 (see above) were expressed in 293F cells in shake flasks by transient transfection with linear polyethyleneimine (Polysciences), as described 35 , and purified by nickel-chelation chromatography. In brief, clarified cell supernatants were stirred overnight at 4 °C with nickel-NTA resin (2-3 ml packed resin per 600 ml supernatant). Beads were then retrieved, washed with PBS containing 50 mM imidazole, and eluted with PBS containing 250 mM imidazole. The eluted protein was buffer-exchanged with PBS, concentrated, and stored in aliquots at −20 °C. Purity of the secreted PCDH1 variants was determined by size-exclusion chromatography with multi-angle light scattering (SEC-MALS) and SDS-PAGE, stained with Bio-Safe Coomassie G-250 Stain (BioRad) and imaged on a ChemiDoc Touch Imaging System (BioRad). Isolation and characterization of anti-PCDH1 antibodies. The panel of PCDH1-specific mAbs was isolated from a phage-displayed synthetic human
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antigen-binding fragment (Fab) library (Library F) 36 . Binding selections, phage ELISAs and Fab protein purification were performed as described 37 . In brief, phage particles displaying the Fabs from Library F were cycled through rounds of binding selections with purified PCDH1-Fc fusion proteins (either full-length extracellular domain (EC1-7; residues 58-851) or EC2-7 (residues 190-851)) immobilized on 96-well Maxisorp Immunoplates (Thermo Fisher) (Extended Data Fig. 4) . After four rounds of selection, phages were produced from individual clones grown in a 96-well format and phage ELISAs were performed to detect specific binding clones. Clones with positive binding were subjected to DNA sequencing. The DNAs encoding for variable heavy-and light-chain domains of the positive binders were cloned into vectors designed for the production of Fabs or light chain (human Kappa) or heavy chain (human IgG1). Fabs were expressed from bacterial cells and IgGs from Expi293F cells (Thermo Fisher). Fab and IgG proteins were affinitypurified on protein A affinity columns (GE Healthcare) as described 37 . Generation of anti-Gn/Gc monoclonal antibody. To detect native Gn/Gc in virus particles or at the cell surface, hybridoma cell clones were prepared from splenocytes of Balb/c mice (12 weeks old) following four immunizations with 20 µg of ANDV virus-like particles (VLPs) 23 in complete and incomplete Freund's adjuvant (Sigma-Aldrich) using standard techniques. Clones were screened for reactivity to ANDV VLPs by ELISA and positive clones were further subcloned. 293FT cells (Thermo Fisher) expressing ANDV 38 or HTNV 39 Gn/Gc were used to select and characterize the 1E11/D3 hybridoma clone by flow cytometry using an AlexaFluor-488 conjugated goat anti-mouse secondary antibody (Thermo Fisher). For total protein expression, cells were fixed and permeabilized with Triton X-100 before staining with the antibody. For analysis of cell-surface expression, cells were stained with primary antibody before fixing and no permeabilization step was involved (Extended Data Fig. 6 ). Cell-based assays for rVSV-Gn/Gc-PCDH1 binding. To visualize the binding of sEC1-2 to cells expressing hantavirus Gn/Gc, we infected U2OS cells with rVSVs bearing ANDV or HTNV Gn/Gc. At 12-14 h post-infection, cells were washed with cold PBS, and blocked with cold 10% FBS in PBS at 4 °C for 30 min. Cells were then stained for surface expression of viral Gn/Gc with mouse mAb anti-hantavirus Gn/Gc 1E11/D3 followed by anti-mouse Alexa Fluor 568 (Thermo Fisher) for 1 h each at 4 °C. In parallel, rVSV-ANDV/HTNV Gn/Gcinfected cells were incubated with purified Flag-tagged sEC1-2 (5 µM for 1 h at 4 °C, and then washed extensively with PBS. To visualize bound sEC1-2, we fixed cells with 4% formaldehyde (Sigma-Aldrich), and stained them with anti-Flag M2 mouse mAb (Sigma-Aldrich) and secondary antibody anti-mouse Alexa Fluor 568 (Thermo Fisher) for 1 h each at 4 °C. To test the ability of mAb 3305 to block sEC1-2 binding to hantavirus Gn/Gc expressing cells, we preincubated 200 nM sEC1-2 with either control human IgG or mAb 3305 (5-500 nM) for 1 h at 4 °C and performed immunostaining for sEC1-2 as described above. Cells were visualized by fluorescence microscopy. Immunofluorescence microscopy and co-immunostaining. For visualization of PCDH1, U2OS or primary endothelial cells plated on gelatin or fibronectin-coated glass coverslips were chilled on ice for 5 min and stained with control (hIgG ctrl) or PCDH1-specific mAb (5 µg ml −1 ) for 1 h at 4 °C in cell-growth medium containing 10% FBS. Cells were then washed with cold PBS, fixed with 4% paraformaldehyde for 5 min on ice, and then stained with anti-human IgG secondary antibodies conjugated to Alexa Fluor-555 or Alexa Fluor-488 (Thermo Fisher) for 1 h each at room temperature. For immunostaining with an anti-Flag antibody, paraformaldehyde-fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min, and blocked with 10% FBS in PBS at room temperature for 30 min. Cells were then stained with anti-Flag M2 mouse mAb (Sigma-Aldrich) and an anti-mouse IgG secondary antibody conjugated to Alexa Fluor-568 (Thermo Fisher), for 1 h each at 4 °C. Coverslips were mounted in Prolong with DAPI (Thermo Fisher), and cells were imaged with a Zeiss Axio Observer inverted microscope under a ×63 objective. rVSV-Gn/Gc-PCDH1 binding and competition ELISAs. The capacity of rVSV-Gn/Gc to recognize sEC1-2 was determined by capture ELISA (Fig. 3a) . In brief, high-protein-binding 96-well ELISA plates (Corning) were coated with purified sEC1-2 (100 ng per well) overnight at 4 °C and blocked with 5% nonfat dry milk in PBS (PBS-milk). The membranes of rVSV particles normalized for protein concentration were labelled with a short-chain phospholipid probe, functionalcomponent spacer diacyl lipid conjugated to biotin (FSL-biotin; Sigma-Aldrich), as described 14 , and then pretitrated for biotin content by streptavidin ELISA. The sEC1-2-coated plates were incubated with dilutions of biotinylated viral particles in PBS-milk for 1 h at 37 °C. Bound rVSVs were detected by incubation with a streptavidin−horseradish peroxidase (HRP) conjugate.
The capacity of PCDH1-specific mAb 3305 to inhibit virus-PCDH1 binding in the capture ELISA was determined as above, except that, first, the sEC1-2 coated plate was incubated with the indicated dilutions of each mAb before addition of viral particles; and second, a single concentration of viral particles, normalized for binding to the sEC1-2-coated plate, was then added to the plates.
The capacities of ANDV Gn/Gc-reactive convalescent sera (serial numbers 703,328 and 703,329) 22 and two ANDV-seronegative human serum controls to inhibit virus-PCDH1 binding in the capture ELISA was determined as above, except that rVSV-Gn/Gc particles at a single concentration normalized for binding to sEC1-2 were incubated with the indicated dilutions of each serum before their addition to sEC1-2-coated plates. Human sera were provided by H. Galeno, Instituto de Salud Pública de Chile. Co-precipitation assay for rVSV-Gn/Gc-PCDH1 association. The capacity of rVSV-Gn/Gc to recognize Flag-tagged sEC1-2 was determined by co-precipitation. FSL-biotin-labelled rVSV particles bearing ANDV or HTNV Gn/Gc were immobilized on streptavidin-coated magnetic beads (Spherotech) by incubation for 1 h at room temperature. Coated beads were then blocked with 5% nonfat dry milk in PBS for 30 min and washed twice with PBS. Beads were incubated with purified sEC1-2 (37 µg ml −1
) for 1 h at room temp and washed five times with PBS. Captured proteins were eluted by heating the beads at 98 °C for 5 min with Laemmli sample buffer, subjected to SDS-PAGE and immunoblotting using an anti-Flag M2 mAb-HRP conjugate (Sigma-Aldrich) for sEC1-2 detection and mAb 23H12 40 , followed by an anti-mouse IgG secondary antibody-HRP conjugate (Santa Cruz) to detect the matrix protein M in rVSV particles. Preparation and characterization of MPRLV and PUUV VLPs. The DNA fragments encoding MPRLV Gn/Gc (residues 21 to 1138) and PUUV Gn/Gc (residues 20 to 1148) were amplified by PCR and fused in-frame to a double streptavidin tag (at the N-terminus of Gn). HEK293 cell lines expressing the VLPs were established after selection of individual clones in the presence of geneticin at 0.5 mg ml
The cells were then grown in DMEM supplemented with 0.2 mg ml −1 geneticin for five days and the VLP-containing supernatant was collected, clarified at 500g for 15 min, concentrated to 50 ml, and supplemented with 10 µg ml −1 avidin and 0.1 M Tris-HCl (pH 8.0) before being passed through a 0.2-µm pore filter. The VLPs were then purified by streptactin-affinity chromatography and the eluate was concentrated and stored at −80 °C.
For visualization by electron microscopy, MPRLV VLPs (80-100 ng µl −1
) were spotted on glow-discharged carbon grids, negatively stained with 2% uranyl acetate, analysed with a Tecnai G2 Bio-Twin electron microscope (FEI) and imaged with an Eagle camera (FEI). Measurement of Gn/Gc-PCDH1 interaction by biolayer interferometry. The OctetRed 384 system (ForteBio, Pall LLC) was used to determine kinetic binding properties. Aminopropylsilane (APS) sensors were used to load VLPs (20 µg ml ). Subsequently, association of sEC1-2 was monitored for 600 s in PBS-BSA over the indicated concentration range, and dissociation was monitored for 300 s in PBS-BSA. Independent experiments were performed with different sensors to account for potential experimental artefacts resulting from intersensor variability. Non-specific interactions were monitored by applying the identical experimental set-up to empty APS sensors (PBS, pH 7.4 during the loading step). Global data fitting to a 1:1 binding model was used to estimate values for the k on (association-rate constant), k off (dissociation-rate constant) and K d (equilibrium dissociation constant). The steady-state equilibrium concentration curve was fitted using a one-site-specific binding fit in Graphpad Prism. Assay for sEC1-2-mediated inhibition of virus-cell attachment. HUVECs were seeded on six-well plates and chilled on ice. rVSVs bearing ANDV or HTNV Gn/Gc (1 µg total protein) were labelled with a lipophilic dye, FSL-fluorescein (Sigma-Aldrich; 5 µg ml −1 ) as described 14 . Labelled viruses were preincubated with sEC1-2 (0-30 µg ml ; 0-1.1 µM) for 1 h at 37 °C, and then allowed to attach to cells at a MOI of 1.5 IU per cell by centrifugation (2,500 r.p.m. for 60 min at 4 °C) in HBSS (Corning). Cells were then placed on ice, washed extensively with cold HBSS to remove unbound virus, and fixed with 4% paraformaldehyde. Cellsurface-bound virus was analysed by flow cytometry as described 14 .
Assay for mAb-3305-mediated inhibition of virus-cell attachment. HUVECs, seeded on 24-well plates the previous day, were chilled on ice and incubated with mAb 3305 diluted in HUVEC medium at concentrations of 0-10 µg ml Generation of a PCDH1-KO Syrian hamster model. A portion of exon 2 of PCDH1 was PCR-amplified from Syrian golden hamsters housed at Utah State University with primers MA-PCDH1-6723F (5′-TGCCTGTCGTTTTACCCACC-3′) and MA-PCDH1-7908R (5′-GGGAAAAGGGAGCTTCCCAC-3′) and subjected to Sanger sequencing. A panel of candidate sgRNAs was designed and assembled by overlapping PCR to generate human U6-promoter-driven sgRNA expression cassettes and screened for genome-editing efficiency in BHK21 baby hamster kidney cells stably expressing spCas9. The best candidate sgRNA (target sequence 5′-GGTAGTATACAAGGTGCCAGAGG-3′; PAM sequence is underlined), targeting exon 2 of the hamster PCDH1 gene (nucleotides 7,063-7,085; GenBank accession number NW_004801621), was used for in vivo gene editing. This gRNA sequence was in vitro transcribed using the MEGAscript T7 Transcription kit (Thermo Fisher). Cas9 (PNA Bio; 2 µg) was incubated with sgRNA (1 µg) at room temperature for 15 min to generate sgRNA-Cas9 ribonucleoprotein (RNP) complexes, and then diluted to a concentration of 100 ng µl −1 Cas9 and 50 ng µl Cas9-sgRNA RNPs were injected into the zygote pronuclei in a dark room, and red filters were used on the microscope light source. A group of 15-20 hamster zygotes was transferred to a 100-µl HECM-9 drop in the microinjection dish, and 1-2 pl of Cas9-sgRNA RNP complex was injected into the male pronucleus of each zygote. After injection, zygotes were washed twice with equilibrated HECM-9 medium and incubated in HECM-9 medium covered by mineral oil for at least 30 min before embryo transfer. Embryos with normal morphology were bilaterally transferred into the oviducts of pseudopregnant recipients (10-15 embryos per oviduct) that were prepared by mating with vasectomized males at the same time that zygote donors were mated.
Genomic DNA was isolated from the pups at the age of 2 weeks, and a 595-base-pair (bp) product flanking the sgRNA target site was PCR-amplified by using primers MA-PCDH1-6723F (5′-TGCCTGTCGTTTTACCCACC-3′) and MA-PCDH1-7317R (5′-GCCATTCTGCACGAGGTCTGT-3′) and subjected to a T7 endonuclease I assay (NEB) to detect indels. Amplicons from pups bearing indels were topoisomerase (TOPO)-cloned and Sanger-sequenced to identify a founder female animal carrying a single-nucleotide (C) deletion at nucleotide 7,080 of the PCDH1 gene. This deletion results in a frameshift at amino-acid position 58, leading to production of a truncated, 84-amino-acid polypeptide. Because it destroys a unique BanI restriction-enzyme site, a restriction-fragment-length polymorphism (RFLP) was used to genotype pups: the 595-bp wild-type allele can be digested by BanI into 343-bp and 252-bp products, whereas the edited allele is indigestible (see Extended Data Fig. 10a, b) . Loss of PCDH1 expression was confirmed by immunoblotting of lung homogenates from age-matched wild-type and PCDH1-knockout hamsters with mAb 3305 (Extended Data Fig. 10d) . Hamster challenge studies. Wild-type (Envigo) or PCDH1-knockout (Utah State University), 8-10-week-old male and female Syrian hamsters anaesthetized with isoflurane inhalation were exposed to a target dose of 2,000 PFU (actual dose determined by back-titration = 1,500 PFU) of ANDV strain Chile-9717869 diluted in PBS via the intranasal route, with 50 µl of the virus preparation delivered by pipette. Animals were observed daily for clinical signs of disease, morbidity and mortality. Moribund animals-described as being unresponsive or presenting with severe respiratory distress-were humanely euthanized on the basis of IACUCapproved criteria. Animal numbers were chosen so that the survival studies were adequately powered. Study personnel checking the animals were not blinded to treatment group; however, personnel were not privy to the details of specific treatments. Histopathology and immunochemistry. Age-matched wild-type and PCDH1-knockout hamsters (one animal each) were humanely euthanized, and various tissues-including lungs, heart, liver, spleen, kidneys, urinary bladder, brain, spinal cord, intestinal tract, testis and epididymis-were collected and preserved in 10% neutral-buffered formalin for 48 h at room temperature. Tissue were paraffinembedded for sectioning (5-8 µm) and processed for haematoxylin-eosin staining for histopathological examination at the Utah Veterinary Diagnostic Laboratory. The presence of any pathological lesions was scored on a scale of 0-4, 0 indicating no lesions and 4 indicating severe lesions. No substantial microscopic lesions attributable to PCDH1 loss were detected by the veterinary pathologist.
For histopathology of ANDV-challenged wild-type and PCDH1-knockout hamsters, lungs fixed in buffered formalin for 30 days, received from USAMRIID, were paraffin-embedded and 5-µm-thin sections were cut and stained with haematoxylin and eosin using standard procedures at the Histopathology and Comparative Pathology facility at Albert Einstein College of Medicine. Blinded slides were then scored on a scale of 1-4 for histopathological lesions by a veterinary pathologist using a previously described scoring metric 26 . Lung sections were also immunostained for viral antigen (ANDV nucleoprotein) as described 33 . Briefly, deparaffinized and rehydrated tissue sections were subjected to antigen retrieval with 10 mM sodium citrate for 20 min in a steamer. Sections were then treated with 0.3% hydrogen peroxide for 10 min to block endogenous peroxidase activity and stained with a 1/1,000 dilution of an ANDV nucleoprotein-specific monoclonal antibody (clone 1A8F6, Austral Biologicals) for 1 h at room temperature, followed by ImmPress HRP anti-mouse IgG (peroxidase) polymer detection kit (Vector Labs) for 30 min at room temperature. After developing an immunohistochemical signal with the DAB peroxidase (HRP) substrate kit (Vector Labs), sections were counterstained with haematoxylin. Blinded slides were imaged by a veterinary pathologist. Quantitative RT-PCR of hantavirus genomic RNA. RNA was purified from 0.25 ml of 10% lung homogenates or serum following inactivation with 0.75 ml of TRIzol LS reagent (Invitrogen), in accordance with the manufacturer's instructions. RNA concentrations were determined in a NanoDrop spectrophotometer (Thermo Fisher) and normalized to 40 ng µl −1 in nuclease-free water. ANDVspecific quantitative reverse transcriptase (RT)-PCR reactions were completed with 250 ng of total RNA per 20-µl reaction, as described 41 . A standard curve of amplicon fluorescence intensity versus ANDV infectious titre (PFU per ml) was generated with serial 100-fold dilutions of RNA purified (as described above) from ANDV stock virus with a known infectious titre, and results were reported as genome equivalents per µg of total RNA. Statistics and reproducibility. The n number associated with each dataset in the figures indicates the number of biologically independent samples. The number of independent experiments and the measures of central tendency and dispersion used in each case are indicated in the figure legends. The testing level (alpha) was 0.05 for all statistical tests. All analyses were carried out in GraphPad Prism. No statistical methods were used to predetermine sample size, except in Fig. 4a which used a power calculation (80% power, 5% type I error) to see a fourfold effect in survival. The experiments were not randomized. Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this paper.
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